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Abstract—Rats were injected with 3,4-methylenedioxymethamphetamine (“Ecstasy”) and assessed for
changes in locomotor activity and for the expression of the immediate earlyagisghroughout the
brain. A dose-dependent increase in locomotor activity was seen with 3,4-methylenedioxymethampheta-
mine (0, 5 and 20 mg/kg) that continued for at least 2 h following administration. Dose-dependent
increases irc-fos expression were seen in much of the cortex, forebrain, brainstem and cerebellum in
rats given 3,4-methylenedioxymethamphetamine. Expression was pronounced in 5-hydroxytryptamine
terminal regions including the medial prefrontal cortex, caudate—putamen, nucleus accumbens, olfactory
tubercle, islands of Calleja, lateral septum, paraventricular hypothalamus and paraventricular thalamus.
High levels ofc-fos expression were also seen in the supraoptic and median preoptic nuclei, regions
involved in the control of fluid balance and body temperature, respectively. This is potentially important
since deaths in 3,4-methylenedioxymethamphetamine users have been linked to hyperthermia and hypo-
natremia. In the brainstem, two regions of higtios expression were Barrington’s nucleus, which is
involved in micturition, and the pontine reticular nucleus oralis, a region involved in motor control of
mastication. Activation of this latter structure may partly explain the bruxism (grinding of the jaw)
reported by human 3,4-methylenedioxymethamphetamine users. Rofusexpression was seen in
the cerebellum, particularly in the flocculus, and this may explain the reported deleterious effects of
3,4-methylenedioxymethamphetamine on balance and co-ordination. Signififasexpression was
also seen in the ventral tegmental area, amidst the cell bodies of mesolimbic and mesocortical dopamine
neurons, and in the median and dorsal raphe, where the serotonergic innervation of the forebrain origi-
nates. Double-labelling of fos-positive neurons with 5-hydroxytryptamine showed that only a small
number of serotonergic neurons in the raphe expresdedfollowing 3,4-methylenedioxymethamphe-
tamine.

The widespread distribution of 3,4-methylenedioxymethamphetamine-indufoekxpression seen in
this study can be linked to the profound alterations in physiological function, mood and behaviour
produced by this drug® 1999 IBRO. Published by Elsevier Science Ltd.
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3,4-Methylenedioxymethamphetamine  (MDMA;increasing reports of adverse effects associated
“Ecstasy”) is a popular drug throughout the worldwith the drug including possible depressiranxi-
particularly among young adults involved in theety®!5 and cognitive impairmerftt The drug has
“rave” subculture’®’® The past 10 years has seeralso been linked to a small number of deaths
increasing popularity of MDMA, with users report-among users, usually attributed to drug-induced
ing sociably desirable effects including energydisruptions of thermoregulatory processes or impair-
confidence, elevated mood and feelings of closenesgnt of fluid and electrolyte balanéé$’
towards otherd®6477.83 However, there are also The specific neurochemical effects of MDMA
have become increasingly well documented over
the past few years. MDMA causes a massive eleva-
$To whom correspondence should be addressed. tion of synaptic 5-hydroxytryptamine (5-HT) via
Abbreviatio_nsADI—_l, antidiuretic hormone; BNST, bed nucleushoth carrier-mediated release and re-uptake inhibi-
gf.tﬁ Sstt'ﬁyt;ror?(;?yst’a?nﬁﬁé;Ci/'rgf/: E’u?i‘fngiggﬁeﬁ;%ggs_'arlon.5*26*75Although ther_e are only a_relatlvely _smaII
methamphetamine, “Ecstasy”; MPC, medial prefrontalUmber of serotonergic neurons in the brain, the
cortex; MPO, median preoptic nucleus; NAS, nucleus accunsystem has extensive axonal arborizations, innver-
bens septi; PB, phosphate buffer; PBH, phosphate-bufferggating numerous cortical and limbic regiofisBy

horse serum; PBS, phosphate-buffered saline; REzhlor- ; NS ;
oamphetamine; PNO, pontine reticular nucleus oralis; PVI\SJIObaIIy enhancing synaptic 5-HT levels, MDMA is

paraventricular nucleus of the hypothalamus; SON,supraoé—blelto pmduc? many cognitive, behavioural,
tic nucleus. emotional, physiological and hormonal effects.
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MDMA also increases synaptic levels of dopaminenly evaluatedc-fos expression in a very limited
and noradrenalin&;>*8>although these effects areset of forebrain regions. The present study aims to
less profound than those on brain 5-HT systems. extend these findings by assessing MDMA-induced
The acute enhancement of 5-HT produced bg-fosexpression in a wide range of cortical, limbic
MDMA may be followed by a long-term impairment and brainstem sites. The overall aim of this study is
in 5-HT function. An initial depletion of 5-HT is to further illuminate the neural basis of some of the
seen within 4 h of MDMA administration in rats, diverse behavioral and physiological actions of
and subacutely within two to three dajsThe MDMA.
later depletion is longer lasting and is accompanied
by a number of markers of neurotoxicity in 5-HT
neurons, particularly in terminaf85° Recovery
from the neurotoxic effect of MDMA is sometimes Subjects
seen in rat$? but has not been observed in The study involved a total of 15 outbred male Wistar rats
monkeys®” Very recent evidence suggests that 5(Gore Hill, Sydney) weighing between 370-470g at the
HT neurotoxiciy may also occur wilh repeatedie o e=ing, T s hefe fosed 1 e e pesc
MDMA use n humans? (?on5|der|ng the IMPOr= ot use% inpthe exgeriment. They were kept in agcolony
tance of 5-HT in the genesis of a number of psychiamder a 12:12 h reversed light:dark cycle (lights off 9.00
tric conditions, the permanent rearrangement aram.) withad libitum access to food and water. All experi-

destruction of serotonergic neurons by MDMAmMentation occurred during the dark cycle. All procedures
; ; ; iy sed were approved by the Animal Welfare Committee of
may potentially predispose susceptible mdwldualﬁwe Central Sydney Area Health Service. Every effort was

to psychopathology. made to use the smallest number of animals possible and to
The immediate early genes are a group of recentiyinimize any animal suffering.

discovered transcription factors of which several

appear to play an important role in the regulatiorﬁ)rug

of CNS development and functidf.In this large . .

- +)-3,4-Methylenedioxymethamphetamine MDMA
family of over 100 members, th_e pro_to-onc_ogen a(s éenerously supplied by the Ngtional Institutt(e on Drzjg
known asc-fos has been extensively investigatedzpuse (U.S.A.) as the hydrochloride salt. Two doses were
due to its early expression following diverse CNSised in the study, 5mg/kg and 20 mg/kg, dissolved in
processes and its low constitutive expreséﬁjn_phySIObglcaj saline and |nJected in a volume of 1 mI/kg.

; _ The 5 mg/kg dose was chosen since it approximates the
Expression ofc-fos occurs through a number Oftypical dose used by humans (1-4 mg/kg), and is associated

different signal transduction pathways which Workiith clear behavioural and physiological effects in &€

on distinct upstream regulatory elements includinghe higher 20 mg/kg dose, exerts greater behavioural and
the serum-response element and the calcium/cycligeurochemical effects in rats than the 5 mg/kg d&¥&nd
adenosine monophosphate response eleﬁ%enﬁ known to Sause a long-term neurotoxic effect on brain 5-
Expression ot-fosin specific neurons often occurs T systems.

following recent activation thereby allowing an

vivo map of cellular responses to a given stimulug.rocedure

The exact functional significance o€-fos is Rats were randomly assigned to one of three groups
unknown but appears to be involved in couplin32=5/group) to receive either MDMA (20 mg/kg),

; ; _ DMA (5 mg/kg) or vehicle on test day. The assignment
extracellular stimuli to long-term cellular change was such that the groups were equivalent in baseline loco-

by regulating the expression of specific target,qior activity and body weight.

genes'® The rats were extensively handled for a week prior to the
A diverse number of psychoactive drugs caus#art of experimentation. Two days of familiarization to the

c-fosexpression, with a predominant response se t procedure were given immediately prior to the actual

. . - L. est day in order to minimize ang-fos expression due to
in striatal and limbic structures containing the, e’ of testing, handling or injection procedures. On

neurotransmitter and receptor systems that thigese familiarization days the rats were subjected to exactly
drug is active upor¥® On the assumption thatthe same behavioural testing procedures to those used on
the regions ot-fosexpression indicate the neuralthe test day except that the rats were given only saline

; ; ections.
substrates of drug action, observed behawour”a’FThe testing procedures were as follows. Individual rats

effects of a drug can be correlated withfos \yere removed from their home cage and brought through to
expression in specific brain regions. Consequenttye test room in a small enclosed rectangular tub filled with
c-fosimmunohistochemistry can be used to intewood shavings. Each rat was then given a single i.p. injec-
grate knowledge about behaviour, neurotrandZl. S CChel SR Bo0 RO e ach Tat
mitter  systems apd brain reglor!s to bett as placed in one of eight identical operant chambers
understand the actions of psychoactive dréfgs. (30x50 x25.5cm). The side walls and roof of the
To date, two papers have investigatedfos chambers were aluminium, while the front wall and rear
expression following MDMA administration in wall were made of clear perspex. The floor of each chamber

: ; P consisted of 16 steel rods. Each chamber was housed inside a
rats, noting extensive-fosexpression in the frontal light and sound attenuating wooden box (681 61.5 cm)

cortex, striatum, nucleus accumbens an(_j olfactolyith ventilation fans which provided background masking
tubercle??3 However, both these studies haveoise.

EXPERIMENTAL PROCEDURES
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Table 1. Fos-immunoreactive cells (meaSEM) per 0.5 mrin various brain regions after saline or 3,4-methylenedioxymetham-
phetamine “Ecstasy”n(= 5/group)

Area Bregma (mm) Saline MDMA 5 mg/kg MDMA 20 mg/kg
1 Medial prefrontal cortex +3.70 7=2 22+ 2.5* 44+ 6.3
Anterior olfactory nucleus .
2 (medial) +3.70 5+2.2 20+ 3.1 36+ 4.7
3 Nucleus accumbens (core) +2.70 2+0.5 14+ 3.0* 47+ 7.0
4 Nucleus accumbens (shell) +0.70 2+1 6+3.8 19+ 3.1*
5 Islands of Calleja (major) +0.70 1+0.5 31+14 49+ 14
6 Lateral septal nucleus (ventral) +0.70 2+0.6 14+ 2.8* 45+ 10*
7 Caudate—putamen (medial) +0.70 0+0 20+ 8.0* 69+ 6%
8 Caudate—putamen (central) +0.70 0+0 11+5.3 46+ 11*
9 Caudate—putamen (lateral) +0.70 0+0 3+1.0 16+ 4.3
10 Olfactory tubercle —0.26 0.2-0.2 8+24 36+ 7.7*
Bed nucleus of the stria "
11 terminalis 0.26 2+ 0.5 12+23 32+4.2¢
12 Median preoptic nucleus —0.26 1+0.4 718 24+ 3.8
13 Paraventricular nucleus of the _ 180 6+ 3.0 10+ 6.1 30+ 14}
hypothalamus
14 Supraoptic nucleus -1.80 0+0 5+15 35+ g*
15 Central nucleus of the ~2.80 5+2.9 46+ 5.6+ 49+ 11*
amygdala

Paraventricular nucleus of the B " "
16 thalamus 2.80 714 47+ 75 62+9.2
17 Edinger— Westphal nucleus —-5.80 2+1.1 14+ 45 31+ 7.3
18 Ventral tegmental area -6.30 0.6=0.4 5+2.0 14+ 3.9
19 Barrington’s nucleus —6.98 104 4+1.8 31+ 7.1%
20 Pontine reticular nucleus oralis —8.00 3+1.2 8+2.0 32+ 4.1%
21 Dorsal raphe nucleus —7.64 1+0.6 9+ 1.7* 20+ 3.3
22 Median raphe nucleus —7.64 0+0 2+0.9 7+1.2¢
23 Flocculus of the cerebellum —10.04 2+0.9 94+ 27.0 181+ 42.3F
24 Lobule 1 of the cerebellum —10.04 0+0 6+6.0 106+ 29.9
25 Raphe magnus nucleus —10.30 0.2:0.2 0.8+0.4 10+ 0.5

One-way ANOVA, d.f. (2,12), with Tukey’s post hoc tesB ¥ 0.05 relative to saline group < 0.05 relative to 5 mg/kg MDMA
group.

All cell counts per 0.5 mrhexcept for islands of Calleja, median preoptic nucleus and supraoptic nucleus which were counted per
0.25 mnf¥.

Locomotor activity was assessed by two passive infra-rq@laced on microtome stages, frozen+d7°C and sliced
motion detectors (Jaytech, Sydney) located in each cag#.40um in the coronal plane. Sections were collected in
The detectors were located at ground level, one in the centr&als containing PBS.
of the left wall and the second directly opposite this in the Free-floating sections were incubated for 30 min in 1%
right wall and were customized so that they triggered wherH,0, in phosphate buffer (PB) and then for 30 min in 3%
ever the rat moved in the chamber. The detectors wermrmal horse serum in PB. The sections were then incubated
sensitive to relatively small movements of the head anih the primaryc-fosantibody for 72 h at 2C (Santa Cruz
body of a rat as well as gross locomotion. The output dBiotechnology; rabbit polyclonal; specific for the amino
the detectors was sent to a Macintosh computer runningrminus ofc-fosp62, non-cross-reactive with FosB, Fra-1
WorkbenchMac software which derived the total numbeor Fra-2). The primary antibody was diluted 1:2000 in phos-
of seconds spent moving in each minute of the 2 h test sessipiate buffered horse serum (PBH) (0.1% bovine serum

Immediately after the activity test, the rats were returnedlbumin, 0.2% Triton X-100, 2% normal horse serum in
to the holding cage. On the two familiarization days the ratBB). Sections were then washed for 30 min in PB and incu-
were then returned to the colony room. On the test day, thmated in the secondary antibody (Vector Laboratories; bio-
rats were removed to a laboratory where they were giventanylated anti-rabbit IgG; diluted 1:500 in PBH) at room
lethal overdose of pentobarbitone (120 mg/kg, i.p.) and theemperature for 1 h. They were then washed in PB for a
perfused. further 30 min and then incubated for 1 h in ExtrAvidin—

A 2 h interval between drug injection and perfusion wa$orseradish peroxidase (Sigma; diluted 1:1000 in PBH).
used since a previous report indicated that strigthbs After three 30 min washes in PB, horseradish peroxidase
expression is maximal at 2 h following MDMA. activity was visualized with the nickel diaminobenzidine
and glucose oxidase reaction. This reaction was terminated
after approximately 10 min by washing in PB. The sections
were then mounted onto subbed slides, dehydrated, xylene

Immunohistochemical procedures were as describedieared and coverslipped.
previously?®8! Rats were perfused transcardially with Some tissue was processed in a double-labelling proce-
100 ml of 0.1 M phosphate-buffered saline (PBS) followedlure®® to allow visualization of 5-HT in addition to the Fos
by 200 ml of 4% paraformaldehyde in PBS (pH 7.3). Theprotein. After processing foe-fos as described above, the
brains were removed and placed in paraformaldehyde ovdissue was washed three times for 30 min in PB and then
night at 4C and stored in cold 15% sucrose for 24 hincubated for 30 min in 1% }D,, and then in 3% normal
followed by 30% sucrose for 48 h. The brains were thehorse serum in PB. The tissue was then incubated overnight

Immunohistochemistry
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at £C in the primary 5-HT antibody (Incstar Corporation;
8- VEHICLE rabbit polyclonal; diluted 1:20,000 in PBH). The sections
—&— MDMAS were then washed in PB and incubated in the secondary
—m— MDMA20 antibody (Vector Laboratories; biotinylated anti-rabbit
IgG, diluted 1:500). This was followed by a 30 min wash
in PB and incubation for 1 h in ExtrAvidin—horseradish
peroxidase (Sigma; diluted 1:1000 in PBH). After three
30 min washes in PB, tissue was immersed for 10 min in a
filtered solution ofa-naphthol (0.05%), 0.1% ammonium
carbonate and 0.003%,8, in distilled water, briefly rinsed
with PB and then immersed in 0.1% pyronin B solution in
PB for 7 min at room temperature. This procedure produces

T
10

— e a pink precipitate in neurons containing 5-ET.The

T T T
20 %0 40 50 60 70 8O0 80 100 110 120 sections were then mounted, cleared and coverslipped.
TIME (mins)

Fig. 1. Locomotor activity in the 2 h following injection of
vehicle, 5 mg/kg or 20 mg/kg MDMA. The mean number ofCounting of labelled cells
seconds spent moving in each 10 min bin over the 2 h period
is shown.

The amount ofc-fos expression was quantified in 25
different brain regions or subregions with reference to the
rat brain atlas of Paxinos and Wats8.he regions counted

Fig. 2. Camera lucida drawing showing the widespreddsexpression (black dots) in the dorsal and ventral

striatum following 20 mg/kg MDMA.. The coronal section is approximately 1.20 mm anterior to bregma accord-

ing to the atlas of Paxinos and WatsBrEquivalent camera lucida drawings of tbdosexpression induced by
cocaine, amphetamine, morphine and nicotine can be seen in the recent article by Harlan an# Garcia.
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Fig. 3. The distribution o€-fosexpression following saline, 5 mg/kg and 20 mg/kg MDMA, respectively, in the
Islands of Calleja (A, B, C), median preoptic nucleus (D, E, F) and central nucleus of the amygdala (G, H, I).
Scale ba=250pm.

are listed in Table 1. As described previoughguantifica- into 12x 10 min bins for each rat with the total time spent
tion was performed manually by an observer who was blinthoving during each bin (in seconds) calculated. Groups
to group assignment and using a graticule which equatedwere compared on locomotor activity over the 12 bins
0.5 mn? at a magnification ofx 200. This procedure was using two-way ANOVA followed by a post hoc Tukey’s
used for all structures except the islands of Calleja, medidast.
preoptic nucleus and the supraoptic nucleus whex4@0 Data forc-foscounts for each brain region were compared
magnification (0.25 mrharea) was used since the regionsacross the three groups using one-way ANOVA followed by
were otherwise too small to fill the graticule. A neuron was post hoc Tukey’s test.
classified as Fos-positive when the nucleus appeared round
or oval, completely filled, and dark brown or black in colour.

RESULTS

Statistical analyses Locomotor activity

Data from the 2 h locomotor activity test were divided Data for locomotor activity over the 2h test
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Fig. 4. The distribution of-fosexpression following saline, 5 mg/kg and 20 mg/kg MDMA, respectively, in the
supraoptic nucleus (A, B, C), dorsal raphe (D, E, F) and Barrington’s nucleus (G, H, I). Scatbap.m.

period are shown in Fig. 1. Statistical analysisigns of the “serotonin syndromé®, including
showed a significant effect of groupf;,=45.01, head weaving, flat body posture, forepaw treading
P <0.001), time E1; 13,=10.70,P <0.001), and a and exopthalmos. In addition this group exhibited
significant group by time interactiorr4, 13,=1.85, marked excitability, were wet under the chin and
P <0.05). Post hoc tests indicated greater overadbdomen and were warm to the touch.

activity in both MDMA groups compared to the

vehicle group and greater activity in the 20 mg/k
MDMA group than the 5 mg/kg MDMA group. It
can be seen from Fig. 1 that substantial hyperactivity MDMA caused dose-dependent increases-fos
was still present in MDMA-treated rats at 2 hexpression throughout the brain. Specific counts
following drug administration. Informal observa-for 25 regions of interest are shown in Table 1,
tions made immediately prior to perfusion indicatedhese regions representing the most salient locations
that rats given the 20 mg/kg dose exhibited mangf c-fosexpression. While only one cortical area was

%-fos expression
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C-fos expression irb-hydroxytryptamine-positive
neurons

Co-staining of Fos with 5-HT was seen in only a
very small number of dorsal raphe, median raphe
and raphe magnus neurons. Statistical analysis indi-
cated that MDMA caused a significant increase in
the number of double-labelled neurons in the dorsal
raphe, from a mean of 0.60/0.5 Mmith vehicle to
a mean of 2.0 with 5 mg/kg MDMA and 3.0 with
20 mg/kg MDMA. There was no significant increase
in double-labelled cells in the median raphe or raphe
magnus with either dose of MDMA with mean
numbers remaining very modest<{/0.5 mn¥)
regardless of drug condition.

DISCUSSION

Fig. 5. Camera lucida drawing of a section approximatel MDMA produced a clear IOCO.mOtor activation In
8.30 mm posterior to bregma showing tleefos expression ¥ats_as has been reported m_ Se_veral p_rewous
(black dots) in the brainstem at the level of the dorsal raphstudiest?30435486.78 gcomotor activation persisted
following 20 mg/kg MDMA. for the duration of the 2 h post-drug activity test,
agreeing with earlier findings that MDMA hyper-
activity lasts up to 4 B The same two doses that
counted (the medial prefrontal cortex), it can beaused pronounced locomotor hyperactivity,
noted thatc-fos expression was observed througtinduced extensive-fosexpression in many regions
much of the cortex. In contrast, refosexpression of the forebrain and brainstem. Whigefos expres-
was seen in any part of the hippocampus and so thi®n has previously been reported in the caudate—
region is not included in Table 1. putamen, nucleus accumbens, olfactory tubercle and
As Table 1 shows, there was very littiefos frontal cortex with doses of MDMA similar to those
expression in vehicle-treated rats, while the loweansed heré235the present study reports activation in
(5 mg/kg) dose of MDMA caused significanta much greater range of structures, including regions
increases inc-fos expression in nine of the 25 of the hypothalamus, brainstem and cerebellum.
brain regions of interest. The high (20 mg/kg) dose Presumably, much of the forebrainfos expres-
of MDMA showed significantly greaterc-fos sion seen with MDMA is due to drug-induced 5-HT
expression compared to the vehicle group in atelease causing enhanced activation of postsynaptic
regions counted. This group also showed signif6-HT receptors. Consistent with this, MDMA-
cantly greater c-fos expression in all regions inducedc-fos expression was seen in many of the
compared to the 5 mg/kg MDMA group, except inregions receiving dense 5-HT projections from the
the central nucleus of the amygdala and the paravesiersal and median raphe. The pattern of forebeain
tricular thalamus where increases were equivalefdsexpression seen with MDMA was reminiscent of
with the two different doses. the c-fos expression reported with other treatments
Some of the most prominernt-fos expression that elevate brain 5-HT levels. Thus administration
was seen in the medial caudate—putamen. &f the 5-HT precursor-tryptophan in conjunction
camera lucida drawing of Fos-positive neurons iwith the monoamine oxidase inhibitor tranylcypro-
this and neighbouring regions is presented imine, causes elevated synaptic 5-HT and pro-
Fig. 2. High levels were also present in the medialouncedc-fos expression in the medial prefrontal
prefrontal cortex, nucleus accumbens, islands abrtex, nucleus accumbens, caudate—putamen, olfac-
Calleja, lateral septum, paraventricular thalamitory tubercle, median preoptic nuclei and lateral
nucleus, central nucleus of the amygdala, mediaseptum®All of these regions also showed significantly
preoptic nucleus and supraoptic nucleus (Figs 8levated:-fosexpression in the present study.
Fig. 4). In the brainstem, the most salient regions In another previous study, administration of the
of c-fos expression were Barrington’s nucleus, thaubstituted amphetamine p-chloroamphetamine
Edinger—Westphal nucleus, the dorsal raphe arfBCA), which increases 5-HT release in a similar
the pontine reticular nucleus oralis (Fig. 4). Amanner to MDMA? elevatedc-fos expression in
camera lucida drawing @f-fosexpression in a brain- the caudate—putamen, olfactory tubercle, islands of
stem section at the level of the dorsal raphe is show@alleja, nucleus accumbens and central nucleus of
in Fig. 5. Very high levels ofc-fos expression the amygdal&® Likewise, fenfluramine, an anorexic
were also seen in the cerebellum, particularly idrug with 5-HT-releasing properties similar to PCA
the flocculus. and MDMA® increasedc-fos expression in the
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frontal cortex, caudate—putamen, paraventriculaxpressed after a depolarizing stimufBecause
nucleus of the hypothalamus, central nucleus aff this,c-fosexpression would not be expected in the
the amygdala and bed nucleus of the stria terminaerotonergic neurons of the raphe nuclei. Future
lis.414568.70 Again, all of these structures showedwvork will hopefully determine the neurochemical
increasedc-fos expression in the present studyprofile of the raphe neurons that are Fos positive.
following MDMA. The dorsal raphe showed a greatdbsresponse
This raises the question as to whether MDMA hato MDMA than the median raphe, with only the
any unique properties with respect to tliefos former structure showing significantly elevatee
expression it induces. This is a difficult question tdos expression with the lower 5 mg/kg dose of
answer since the previous studies examining PCMDMA. This brings to mind suggestions that the
fenfluramine and.-tryptophan/tranylcypromine did 5-HT projections from the dorsal raphe may be
not assess-fosexpression across the entire range ahore sensitive to the neurotoxic effects of MDMA
structures examined in the present study. Noneththan those from the median raptfe.
less, some distinctive effects of MDMA can be
noted. Firstly, the strong activation of the supraopti
nucleus with MDMA was not seen with fenflura-
mine*! and was not reported upon withtrypto-
phan/tranylcypromine or PCZ:® Activation of
the dorsal raphe was also not seen with fenflura- A question of obvious interest relates to the speci-
mine* and was not reported upon with other treatfic 5-HT receptors that may be driving the increased
ments affecting 5-HP>%6 Finally, very little c-fos MDMA induced c-fos expression in various brain
expression was apparent in the nucleus accumbemgions. This is a complex question, given the
following treatment with PCAS yet robust expres- presence of at least 15 5-HT receptor subtyBes,
sion was obtained in this region with MDMA. and a question that can perhaps only be properly
One other important facet of MDMA action is itsanswered using experiments in which selective 5-
ability to increases synaptic levels of dopamine andT receptor antagonists are given in conjunction
noradrenaling®5%8Thus at least some of the fore-with MDMA. Nonetheless, some speculations can
brain c-fos expression seen with MDMA may bebe made here concerning the likely receptor
attributable to increased dopamine or noradrenalirseibtypes involved.
efflux. Consistent with this, the present study It seems unlikely that much of thefosexpres-
showed MDMA-inducedc-fos expression in the sion can be due to activation of 5-HTeceptor
ventral tegmental area, origin of the dopaminergisubtypes since these all inhibit the production of
innervation of the forebrain. Further, a recent studgyclic AMP and are therefore more likely to
has shown that MDMA induced-fosexpression in suppress rather than promotefos expressiors?
the caudate—putamen and olfactory tubercle Sonsistent with this, a recent study has shown that
blocked by pre-treatment with the D1 dopaminghe 5-HT;s receptor antagonist WAY 100,635 had
receptor antagonist SCH 233%0SCH 23390 has no effect on the-fosexpression induced by fenflur-
also been shown to block the striatalosexpression amine?! This may also help to explain the absence
induced by fenfluraminé’ of c-fos expression in the hippocampus following
MDMA. Despite receiving a dense serotonergic
jnnervation, the hippocampus contains receptors
that are predominantly of the SHysubtype, stimu-
lation of which does not usually lead tefosexpres-
The vast majority of 5-HT neurons projecting intosion!2 It remains possible however that some of the
the forebrain arise from the dorsal and median rapleefos expression seen following MDMA may be
nuclei located in the rostral poRShe present study indirectly mediated by 5-Hireceptor subtypes. It
shows that MDMA significantly increases-fos is known that 5-HT, agonists such as flesinoxan
expression in both of these areas. However, doubileducec-fosexpression in a variety of sites including
labelling with antibodies directed against serotonithe central nucleus of the amygdala and paraventri-
indicated that most of the-fos expression in the cular nucleus of the hypothalamus. However, this
raphe nuclei was located in non-serotonergifos expression is thought to be transynaptically
neurons, which make up approximately 50% ofmediated, occurring downstream of the neurons on
raphe cells® The absence ot-fos expression in which the 5-HT, receptors are located.
serotonergic neurons in the raphe nuclei is consistentSome role for the 5-HJi receptor family seems
with electrophysiological evidence that MDMAlIlikely given that stimulation of these receptors is
inhibits firing of serotonergic raphe neurons via atinked to c-fos expressior?® In agreement, a
indirect action of 5-HT, autoreceptors located onprevious study found that the-fos expression
the soma and dendrites of these neurdri&This acti- induced by PCA in the olfactory tubercle, islands
vation of 5-HT;, receptors causes hyperpolarizatiorf Calleja and caudate—putamen was attenuated by
of raphe neurons, whilec-fos is usually only pretreatmentwith the 5-HJ,cantagonist ritanseriff.

&eceptor subtypes involved i3,4-methylene-
dioxymethamphetamine “Ecstasy’-induced c-fos
expression

3,4Methylenedioxymethamphetamine  “Ecstasy.
effects on serotonergic neurons
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Table 2. Possible neural substrates of 3,4-methylenedioxymethamphetamine “Ecstasy” effects

Effect Possible neural substrate
ADH secretion/Hyponatremia Supraoptic nucleus
Analgesia Nucleus raphe magnus, periaqueductal gray
Anxi Bed nucleus of the stria terminalis, central nucleus of the

nxiety :

amygdala, medial prefrontal cortex

Appetite suppression Paraventricular nucleus of the hypothalamus
Body temperature changes Median preoptic nucleus
Bruxism (jaw grinding) Caudate—putamen, Pontine reticular nucleus oralis
Corticosterone secretion Paraventricular nucleus of the hypothalamus
Euphoria/feelings of closeness Nucleus accumbens, amygdala (?), cortex (?)
Hyperactivity Nucleus accumbens, ventral tegmental area, caudate—putamen
Impaired co-ordination/dizziness/vertigo Cerebellum
Sexual excitement Median preoptic nucleus
Urination Barrington’s nucleus

Other 5-HT receptors that are probably involvedable 1). This is consistent with findings that the
in MDMA-induced c-fosexpression are the 5-HT shell is less susceptible to MDMA-mediated inhibi-
5-HTe and 5-HT, families since all are positively tion of glutamate evoked firing, whilst the core and
linked to cyclic AMP production (and henaefos caudate—putamen are equally susceptible to this
expression) and all are widely distributed in theffect® This may in turn be linked to lesser release
cortex, limbic system and brainstet#®? Develop- of 5-HT by the large diameter terminals in the
ment of selective antagonists for these receptghell region, and a concomitant smaller release of
families will hopefully allow future studies to dopamine®
confirm a role for these receptors in mediating The hypothalamic nuclei including the median
MDMA c-fosexpression and behavioural effects. preoptic nuclei (MPO) and supraoptic nuclei showed

pronouncedc-fos expression. The paraventricular

nucleus of the hypothalamus (PVN) also showed a

Functional correlates of regional c-fos expressiof e increase i-fos expression although this
produced by3,4—methylened|oxymethamphetam|neeffect was more variable across rats. The MPO

Ecstasy expresses-fosfollowing exposure to a hot environ-
MDMA produces a wide range of physiological,ment/? and it is well known that MDMA causes
behavioural and emotional changes including hypehyperthermia when given at ambient temperatures

activity, hyperthermia, diaphoresis, dehydratiorsimilar to those used in the present stdd$? This
anorexia, analgesia, bruxism, and feelings of closbyperthermic effect of MDMA may be a peripheral
ness towards othef§%*77.83Given the distinctive effect mediated by an increase in myoplasmic
distribution of c-fos expression induced by MDMA, calcium. Thus MDMA increases myoplasmic
it is interesting to speculate on the possible neurehlcium in muscle cellsn vitro and this effect is
basis for some of these diverse effects. A summargversed by administration of Dantrolene, which
of possible functional correlates is given in Table 2.also reverses MDMA-induced hyperthermfe?
MDMA caused a robust increase @érfosexpres- However, central effects may also play a role in
sion in the nucleus accumbens septi (NAS) consiBADMA-induced hyperthermia since treatments
tent with its well-documented ability to increasethat elevate levels of 5-HT in the MPO cause
dopamine and serotonin efflux in this regitf¥® A  hyperthermia in rat4® Thus, it may be that the
role for the NAS in mediating MDMA-induced MPO not only responds to peripherally-mediated
hyperactivity seems likely since 6-hydroxydopaMDMA hyperthermia but also contributes to the
mine lesions of the NAS attenuate this effétRost- genesis of hyperthermia in its own right.
synaptic 5-HT receptors have also been implicated Other evidence has consistently implicated the
in the hyperactivity produced by MDMA3165 MPO and adjacent medial preoptic area in the
possibly via an indirect effect on dopamine releaseontrol of sexual behaviour, with-fos expression
in the NAS! Dopamine release in the NAS has als@rominent in this region following copulation and
been suggested to mediate the rewarding effects gjaculation Thus MDMA-inducedc-fosexpression
drugs of abuse, although this theory is somewnhat this region might also be reflective of the modula-
controversiaf® Nonetheless, MDMA is rewarding tion of sexual behaviour by the drug. MDMA can
to rats as shown by its ability to produce a condiproduce sexual arousal in humadgnd is known to
tioned place preferendé’ and to lower self-stimu- produce ejaculation in rats when given acutely in
lation thresholdg? and the possibility remains thatmoderate dosesOn the other hand, high repeated
the NAS plays a critical role in this rewarding effect.doses of MDMA have been associated with a disrup-
Interestingly,c-fos expression was much greatettion of normal sexual behaviour in male rafs.
in the core than the shell region of the NAS (see The supraoptic nuclei (SON) have been
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implicated in the control of serum osmolality via anover corticosterone secretion via a pathway involv-
effect on antidiuretic hormone (ADH) relea%e. ing the bed nucleus of the stria terminalis (BNST)
Interestingly, MDMA has recently been found toand the PVN#44 Consistent with an excitatory
induce ADH secretion in humarié.Consequently effect on this pathway, MDMA causedfosexpres-
the very high concentration af-fos expression in sion in the CEA, BNST and PVN and has been
the SON could indicate the mechanism underlyinghown in other studies to induce corticosterone
the potent effect of MDMA on ADH release. Arelease® The medial prefrontal cortex (MPC) is
number of deaths from MDMA use have been attribalso a region associated with fear and anxety
uted to hyponatremid’® arising from overhydra- and this region also showed profound increases in
tion. While this has often been attributed to overe-fosexpression with MDMA in the present study.
zealous water consumption in some MDMA users, Vhether MDMA induced:-fosexpression in amyg-
might also reflect a syndrome of inappropriate ADHlala and prefrontal regions is in any way correlated
secretion mediated by activation of the SGN. with fear and anxiety is uncertain. MDMA has been
The pronounced-fosexpression seen in Barring-reported to occasionally induce panic attacks in
ton's nucleus may also have implications witthumans?® and other evidence suggests anxiogenic
respect to altered fluid balance after MDMA. Foeffects of the drug in rats.Nonetheless, MDMA
many decades, Barrington’s nucleus has been recdgs also been shown to produce rewarding and
nized as the key brainstem region for the control ainxiolytic effects in rai%!®474887 and the over-
micturition.38°71 Thus, thec-fos expression caused whelming effect of the drug in humans seems to be
by MDMA in this region suggests a possible modueuphoric rather than anxiogenic. This suggests that
latory effect of MDMA on urinary output. Indeed, in MDMA may have the capacity to induce both
one study MDMA was found to increase urination ireuphoria anénxiety, with contextual or personality
rat$’ while a recent study in humans suggests a simiariables perhaps determining the outcome of the
lar effect, albeit in some but not all subjeéts. drug experience from one situation or individual to
Presumably, the need to urinate may result frotihe next.
the increased fluid retention provoked by the effect The final, and perhaps most mysterious question
of MDMA on ADH secretion. then relates to the neural substrates underlying the
With respect to the cerebellum, the dercséos powerful positive feelings of “Ecstasy” produced by
expression caused by MDMA in this region suggestgiDMA. As well as having a role in anxiety, many
some major effect on motor co-ordination omrecent studies suggest that the amygdala and
balance. Consistent with this, a recent study hasefrontal cortex play key roles in the detection,
shown that the majority of human subjects giveformulation and interpretation of emotions in
MDMA for the first time reported impaired balancegeneralt*57% Thus MDMA activation of these
and gait with substantial humbers also reportintwo regions might be linked to the unique feelings
dizziness or vertigd® In this recent study, anotherof empathy and enhanced communication with
prominent effect, seen in nearly every subject giveathers that the drug is reported to britfg.
MDMA, was jaw clenching (bruxism). This effect
is consistent with the robust-fos expression
induced by MDMA in the pontine reticular nucleus
oralis (PNO), a region known to be involved in The present study demonstrates that MDMA
several functions including control of masticatoryinduces a widespread and distinctive activation of
muscles®* The densec-fos expression in the many brain regions as shown by the technique of
caudate—putamen could also be linked to bruxism;fosimmunohistochemistry. Many of the functional
since infusions of dopaminergic or serotonergieffects of MDMA can be traced to a specific action
agonists into the ventrolateral or ventromediabn brain regions, with the caveat tiafosimmuno-
caudate is known to induce stereotyped ordlistochemistry probably only indicates a subset of
behaviour® the regions that MDMA influences. Functional
MDMA also induced substantia-fosexpression aspects of MDMA-induceda-fos expression in the
in brainstem regions involved in analgesia. The perirucleus accumbens, median preoptic nucleus,
aqueductal gray and nucleus raphe magnus are bstipraoptic nuclei, cerebellum, raphe magnus and
components of a descending inhibitory network thaBarrington’s nucleus can be readily speculated
modulates nociceptive neurotransmission in the spinapon. Yet the substrates underlying the most desir-
cord. Thec-fosexpression seen in both of these struaable effects of MDMA reported by humans, such as
tures is consistent with findings that MDMA admin-increased confidence and feelings of closeness to
istration induces marked analgesia in thelfat. others, remain rather mysterious.
The central nucleus of the amygdala (CEA) was
the only amygdala region to express significant
amounts ofc-fos following MDMA. The central cknowledgementsResearch supported by a NH and

nucleus is a region that is traditionally associatefjrc project grant to G.E.H and I.S.M. We are grateful to
with fear and anxiety and which exerts controNIDA for the generous gift of MDMA.

CONCLUSIONS
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